We previously identified short synthetic shRNAs (sshRNAs) that target a conserved hepatitis C virus (HCV) sequence within the internal ribosome entry site (IRES) of HCV and potently inhibit HCV IRES-linked gene expression. To assess in vivo liver delivery and activity, the HCV-directed sshRNA SG220 was formulated into lipid nanoparticles (LNP) and injected i.v. into mice whose livers supported stable HCV IRES-luciferase expression from a liver-specific promoter. After a single injection, RNase protection assays for the sshRNA and 3 H labeling of a lipid component of the nanoparticles showed efficient liver uptake of both components and long-lasting survival of a significant fraction of the sshRNA in the liver. In vivo imaging showed a dosedependent inhibition of luciferase expression (>90% 1 day after injection of 2.5 mg/kg sshRNA) with t 1/2 for recovery of about 3 weeks. These results demonstrate the ability of moderate levels of i.v.-injected, LNP-formulated sshRNAs to be taken up by liver hepatocytes at a level sufficient to substantially suppress gene expression. Suppression is rapid and durable, suggesting that sshRNAs may have promise as therapeutic agents for liver indications.
Introduction
Hepatitis C virus (HCV) is a worldwide health problem, and treatment and prevention of HCV infection remain a major challenge.
1- 3 The HCV virion contains a single, positivestrand RNA of 9.4 kb that acts as both the viral genome and the message encoding the viral proteins. The high error rate of its RNA-dependent RNA polymerase results in the generation of a huge number of sequence variants among the viral species present in an infected individual. Therefore, creating an effective vaccine has been very challenging, and any effective therapy is likely to require multiple antiviral agents in order to block all likely sequence variants. The ability of RNA interference (RNAi) to target multiple sequences, including noncoding regions, of the viral genome makes it an attractive therapeutic option for this purpose. RNAi-induced cleavage of the genomic RNA can abolish both replication and translation of the virus. Several groups have reported the ability of RNAi approaches to target HCV in cell-culture models, including cell-based reporter gene systems, HCV subgenomic replicon systems, and cell culture-based infectious HCV systems. [4] [5] [6] [7] [8] We previously reported the identification of short synthetic shRNAs (sshRNAs) targeting the HCV internal ribosome entry site (IRES) that are highly potent inhibitors of HCV IRES-dependent gene expression in cell-based assays and have minimal immune stimulatory effects. [9] [10] [11] [12] [13] Members of this novel class of inhibitors induce cleavage of target RNAs by a dicer-independent RNAi mechanism. 11, 14 A recent study indicated that sshRNAs are predominantly loaded as intact molecules into Argonaute (Ago)-containing complexes without prior processing by Dicer and are activated by Ago2-mediated cleavage of the passenger arm of the hairpin. 14 The liver, the site of infection by HCV, is also the organ most accessible to delivery of therapeutic RNA when formulated into lipid nanoparticles (LNP) and administered systemically. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Because of the limited availability of robust animal models of HCV infection, 25, 26 we have performed initial in vivo evaluation of LNP-formulated sshRNAs against HCV in a reporter mouse in which a plasmid introduced by hydrodynamic injection provides long-term expression in the liver of firefly luciferase (fLuc) under the control of the HCV IRES. We demonstrate the presence in the liver of significant levels of SG220 after a single intravenous injection of the formulated sshRNA, and its ability to potently and durably knock-down HCV-IRES-dependent gene expression.
Results

In vitro efficacy of sshRNA inhibitors targeting the HCV IRES
In previous studies, we found that introduction of 2′-O-methyl (2′-OMe) modifications at certain residues of 19-bp sshRNAs allows retention of RNA interfering potency while providing improved serum stability and diminished immune stimulatory potential. 10 One such sshRNA, SG220, targets a conserved region within the IRES of the HCV genome (Figure 1a) . In a transient transfection assay in 293FT cells, SG220 inhibited IRES-directed firefly luciferase (fLuc) reporter gene activity with a median 50% effective concentration (EC 50 )of ~5 pmol/l (Figure 1b) .
Lack of immune stimulatory activity
Certain RNA oligonucleotides, including a variety of RNAi constructs, are known to activate the mammalian innate immune response, and the incorporation of 2′-OMe nucleotides can avoid recognition by this antiviral defense mechanism. 27 As anticipated based on their 2′-OMe modifications, SG220 did not show measurable induction of inflammatory cytokines in vitro when transfected into the human fetal lung fibroblast cell line MRC-5 (Figure 2a) . These cells can be activated by cytosolic RNA through retinoic acid inducible gene-I (RIG-I)-like receptors. To determine whether the sshRNA constructs possessed significant immune stimulatory activity in vivo, SG220 was formulated with the LNP intended for use in subsequent in vivo efficacy studies and injected intravenously into immunocompetent mice. LNP-formulated SG220 caused minimal change in serum inflammatory cytokines and no induction of IFIT1 within the liver throughout the 48-hour period postinjection (Figure 2b,c) . This response to SG220 was comparable with that of a canonical 2′-OMe-modified siRNA that was previously characterized as having minimal immune stimulatory potential.
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Efficient and durable liver uptake of LNP-formulated HCV sshRNAs in mice To evaluate the efficacy of sshRNAs in mice, we first examined the uptake of the LNP-formulated sshRNA SG220 in liver. Mice received single doses of formulated SG220 in 2 dosing groups (0.5 or 2.5 mg/kg) via low-pressure injection into the tail vein. Liver samples were collected either 1 or 48 hour after dosing (two mice for each time point) and levels of SG220 in 50 µg of total liver RNA were determined by a ribonuclease protection assay (RPA). The specificity of the RPA for SG220 was demonstrated by the lack of protection of the probe by total liver RNA from control mice treated with phosphate-buffered saline (PBS: 150 mmol/lNaCl, 10 mmol/l phosphate, pH 7.4) (Figure 3a, PBS) . Comparing the band intensities of the protected probe at the different time points and doses (Figure 3b) , we observed a 50-75% loss of protected signal at the 2.5 mg/kg dose between 1 and 48 hour after injection, whereas at 0.5 mg/kg the protected signals remained comparatively steady. This difference suggests that the higher dose may be saturating one or more sinks (e.g., RISC) for binding of SG220 and that the excess is degraded or otherwise lost over this time period. To follow the liver uptake of lipid as well as RNA components of LNPformulated SG220 in more detail with a larger cohort size (four mice per time point), the experiment was repeated with quantification of SG220 in both blood and liver using the RPA (Figure 4a,b and Supplementary Figure S1 , online) and measurement of tritiated cholesteryl oleyl ether ( 3 H-CHE) in those same compartments (Figure 4c) . In this experiment, a single dose of LNP-formulated SG220 (2.5 mg/kg) was delivered by ordinary intravenous injection. The results show that the lipid component CHE moves rapidly and nearly quantitatively from blood to liver (Figure 4c ). The sshRNA initially follows similar pharmacokinetics, but after 2 hours the liver levels decline until about 10-hour post injection, after which they level out (Figure 4a, b) . This pattern confirms what was seen in the first experiments and is again consistent with the dual process of liver uptake accompanied by (or followed by) degradation of sshRNA molecules that are not protected by protein binding; the final plateau may represent the fraction that is stably bound to RISC. 24 It should be noted that the RPA probe used in this analysis cannot distinguish between the full-length and Ago2-processed forms of SG220, as the sequences protected by the probe are common to both forms and the processed form of SG220 is detected with ~ten-fold greater sensitivity than full-length because of a lesser degree of competing secondary structure (Supplementary Figure S2 , online). In addition, the radioactivity assay does not distinguish between intact and degraded CHE. By comparing the band intensities of the protected probe to those of SG220 standards (Figure 3a , Spike-in), the concentrations of SG220 in the 50 µg total liver RNA were calculated. From this number we determined that 5.7 ± 2.0% (mean ± SD) of the total injected SG220 remained in the mouse liver 48 hours after treatment. The presence of abundant sshRNA in the liver 48 hours after treatment suggests that the hepatocytes in the mouse liver can efficiently take up large macromolecular complexes such as LNP-formulated double-stranded nucleic acids and that the chemically modified sshRNA in these nanoparticles is sufficiently stable in the bloodstream to reach hepatocytes in intact form.
In vivo activity in a reporter mouse model
The ability of the sshRNAs to inhibit HCV IRES activity in vivo was assessed using an HCV IRES-dependent bioluminescence mouse model. Balb/C mice were subjected to hydrodynamic intravenous injection of a plasmid (pSG231) containing the targeted region of the HCV IRES linked to firefly luciferase (fLuc) expressed through the liver-specific mouse transthyretin (mTTR) promoter. Bioluminescence measurements showed stable, durable (>30 days) expression of HCV IRESluciferase in the livers of these mice. Seven days after injection of pSG231, the mice received a single (low pressure) intravenous injection of SG220 formulated in LNP at 0.1, 0.5, 2.5, or 5.0 mg/kg, or an LNP-formulated irrelevant sshRNA at 5.0 mg/kg, or a buffer control (PBS). HCV IRES-directed luciferase expression in the livers of the mice was monitored by in vivo bioluminescence with imaging performed at various time points after sshRNA injection, and the signals were compared with those prior to sshRNA administration. A single administration of SG220 resulted in a dose-dependent reduction of luciferase activity in the livers of the mouse, reaching more than 90% knock-down with 2.5 or 5.0 mg/kg SG220 ( Figure 5 ). This knock-down was prolonged, with over 50% luciferase reduction maintained at least 14 days after treatment with 2.5 or 5.0 mg/kg LNP-formulated sshRNA. The knock-down was also sshRNA-specific, as neither the irrelevant sshRNA nor the PBS control led to significant luciferase reduction at any time point analyzed.
Discussion
In this study, we have investigated the in vivo efficacy of LNPformulated sshRNAs targeting the HCV IRES. Our results showed that, consistent with their potent in vitro inhibition of HCV IRES activity, LNP-formulated HCV-targeting sshRNAs are efficiently taken up from the bloodstream of mice into the liver and induce potent and rapid inhibition of HCV IRESdependent reporter gene expression in that organ. These studies are, to the best of our knowledge, the first report of potent and durable inhibition of an HCV target by synthetic RNAs acting through an RNAi mechanism. Importantly, the RNAi effect of LNP-formulated sshRNA treatment was very long-lasting, suggesting that such compounds could be effective even with infrequent dosing. This indicates a long effective half-life of the sshRNAs in hepatocytes and suggests that the chemical modifications (2′-O-methyl) within the sshRNAs have successfully protected them against RNases, as we reported previously, 10 or that the sshRNAs were sequestered in subcellular compartments that protect them from nuclease digestion. We observed a good correlation between in vitro and in vivo efficacy for SG220, suggesting that initial screening for lead candidate sequences may be performed by in vitro assay.
Therapeutic RNAs can be sensed by the cellular innate immune system, leading to activation of cellular antiviral responses including the type I interferon pathway. Such a process could lead to indirect inhibition of HCV replication. 29 The fact that inflammatory cytokines, interferon, and Ifit1 mRNA are not induced by the SG220 either in vitro or in vivo, together with the lack of activity of the scrambled control RNA, indicate that the LNP-formulated sshRNAs characterized here achieve in vivo efficacy through a sequence-specific mechanism [30] [31] [32] rather than a generalized innate immune response. Several lines of evidence demonstrated convincingly that our sshRNAs act on the HCV RNA through an RNAi mechanism. First, HCV inhibition is sequence-specific, with little or no immune stimulatory component. Second, the RNA target is cleaved at the site expected for an RNAi mechanism in cells treated with these sshRNAs. 11, 14 Finally, the sshRNAs can be immunoprecipitated (in both full-length and "sliced" form) by Ago2.
14 The potent and prolonged knock-down observed in this mouse reporter model suggests that LNPformulated sshRNAs may be effective in a true HCV infection (H. Ma, A. Dallas, H. Ilves, K. Klumpp, I. MacLachlan, and B.H. Johnston, Gastroenterology, in press). With recent improvements in lipid nanoparticle formulation potency improving delivery to liver, 33 efficacy of sshRNAs at doses well below those seen here seems probable. 
Materials and methods
Preparation of sshRNAs. sshRNAs were chemically synthesized and HPLC-purified by Integrated DNA Technologies (IDT, Coralville, IA, USA). The sequences of sshRNAs used in this study are as follows: SG220 5′-UGAGGUUUAGGA UUCGUGCUUGCACGAAUCCUAAACCUCA -3′ and SG 221c 5′-CGUGCUUAGGAUUUGGAGUUUACUCCAAAU CCUAAGCACG -3′. The positions of 2′OMe RNA bases are underlined. sshRNAs were dissolved either in RNaseand pyrogen-free buffer containing 20 mmol/l KCl, 6 mmol/l HEPES-KOH (pH 7.5), and 0.2 mmol/l MgCl 2 (Thermo Fisher Scientific, Dharmacon Products, Lafayette, CO, USA) for in vitro cell-culture assays, or in sterile RNAsefree H 2 O for subsequent formulation with LNP and in vivo experiments. To convert sshRNAs from a heterogeneous mixture of monomers, dimers, and higher-order multimers to a homogeneous monomeric hairpin conformation, sshRNAs were heated to 95 °C for 4 minutes and then transferred immediately to an ice-water bath, where they remained for 10-20 minutes before further use. RNAs were confirmed to be in monomeric hairpin form by nondenaturing PAGE and staining with SYBR Gold (Invitrogen, Carlsbad, CA). . All sshRNA samples were tested in triplicate. Percent silencing was calculated relative to transfections with the reporter plasmid in the absence of sshRNA inhibitors. Interferon and cytokine assays were performed as described previously.
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Formulation of sshRNA into LNP. Monomeric sshRNAs and control siRNAs were formulated into LNP by the process of step-wise ethanol dilution and spontaneous vesicle formation as previously described. 34, 35 LNP were comprised of synthetic cholesterol (Sigma), dipalmitoylphosphatidylcholine (Avanti Polar Lipids, Alabaster, AL), the PEG-lipid PEG-C-DMA (3-N-[(ω-methoxy poly(ethylene glycol)2000)carbamoyl]-1,2-dimyrestyloxy-propylamine), and the cationic lipid DLinDMA (1,2-dilinoleyloxy-3-N,N-dimethylaminopropane) in the molar ratio of 34.3:7.1:1.4:57.1. LNP were dialyzed against PBS and filter sterilized through a 0.2 µm filter before use. Mean particle sizes were 85-90 nm with polydispersity values <0.1 by dynamic light scattering, and 92-98% of the siRNA was encapsulated within the lipid particles. The final lipid-to-nucleic acid ratio in formulations used in this study was approximately 6.5:1 (wt:wt).
Reporter plasmids. For in vitro cell-culture experiments, a dual luciferase expression plasmid (IRES/fLuc) was used in which the sequence encoding the HCV IRES of genotype 1b is placed between the coding sequences for Renilla and firefly luciferase (fLuc) such that fLuc expression is dependent on the IRES. For in vivo experiments, a luciferase reporter under control of the liver-specific promoter mTTR was constructed. The Ig kappa MAR sequence 36, 37 from pCG419 (generously provided by H. Ilves, Cell Genesys, San Francisco, CA) was inserted upstream of HCV IRES-Fluc reporter resulting in a plasmid capable of producing durable, liver-specific expression of luciferase (pSG231).
Proinflammatory cytokine detection in vitro. Cells of the human fetal lung fibroblast line MRC-5 were seeded in 24-well plates at 6 × 10 4 cells per well with MEM containing 10% fetal calf serum. Transfections were performed using Lipofectamine 2000 following the manufacturer's instructions. Twenty nmol/l sshRNAs or an equivalent amount of positive control (polyI:C) was transfected in triplicate. Untransfected cells and cells receiving Lipofectamine 2000 alone were used as negative controls. Twenty-four hours later, the cells were lysed in Trizol (Invitrogen) and total RNA was extracted according to the manufacturer's instructions. Quantitative RT-PCR was performed using high-capacity cDNA Reverse Transcription Kits with the TaqMan Universal PCR Master Mix, IFN-β (Hs01077958_s1), TNFα (Hs99999043_m1), and GAPDH (Hs99999905_m1) TaqMan probes and a 7500 Fast real-time PCR system (Applied Biosystems, Foster City, CA) following the manufacturer's protocol.
In vivo immune stimulation assays. Mouse immune response studies were performed at Tekmira Pharmaceuticals in accordance with Canadian Council on Animal Care guidelines and following protocol approval by the Institutional Animal Care and Use Committee of Tekmira. Six to eight week-old CD1 ICR mice were obtained from Harlan and subjected to a 2-week acclimation period prior to use. Mice were administered LNP-formulated sshRNA or siRNAs (2.5 mg/kg RNA) in PBS via standard i.v. injection in the lateral tail vein. In this study, LNP-formulated native LUC siRNA was used as a positive control for immune stimulation. 28 A previously described 2′-OMe modified form of the same siRNA sequence targeting LUC (LUC-U/U) was used as an additional negative control. 28 Sequences of siRNAs are as follows as reported in ref. 28 : LUC (sense) GAUUAUGUCCGGUUAUGUAUU + LUC (antisense) UACAUAACCGGACAUAAUCUU; LUC-U/U(sense) GAUUAU GUCCGGUUAUGUAUU + LUC-U/U(antisense) UACAUAA CCGGACAUAAUCUU. 2′-OMe-modified residues are underlined. Cohorts of n = 4 mice were sacrificed at t = 0.5, 1, 2, 4, 8, 24, and 48 hours postinjection. Blood was collected by cardiac puncture and processed as plasma for cytokine analysis. Liver was collected into RNAlater (Sigma-Aldrich) for IFIT1 mRNA analysis. Plasma cytokines TNF-α, IL-6, IFN-γ, IL-12 p70, IL-10, and MCP-1 were assayed by Cytometric Bead Array (BD Biosciences, San Jose, CA) according to the manufacturer's instructions. The six-cytokine bead populations were resolved in the red channel with a 488 nm laser capable of detecting and distinguishing fluorescence emissions at 576 and 670 nm using a FACSCanto II flow cytometer equipped with FACSDiva data capture software version 6.0. Data analysis was performed using Tree Star FlowJo software version 7.6.1. Cytokine concentrations in each plasma sample were calculated from a standard curve of the mouse recombinant cytokine provided with the assay kit. IFIT1 mRNA was quantified in mouse liver homogenates by branched DNA (bDNA) assay as previously described. 28 The IFIT1 probe set was specific to mouse IFIT1 mRNA (positions 4-499, GenBank accession number NM_008331), and the GAPDH probe set was specific to mouse GAPDH mRNA (positions 9-319, GenBank accession number NM_008084). Data are shown as the ratio of IFIT1 RLU to GAPDH RLU.
Determination of liver uptake of LNP-sshRNA in mice.
Liver uptake experiments were performed at Stanford University, and mice were treated according to NIH and Stanford guidelines for animal care. LNP-SG220 was delivered via hydrodynamic injection into the tail vein of CD1 mice in two dosing groups (0.5 and 2.5 mg/kg). Cohorts of n = 2 mice were sacrificed at 1 and 48 hours and livers were collected and sliced, and the slices were immersed in RNAlater solution (Ambion, cat#AM7024) overnight at 4 °C. The RNAlater solution was then removed and liver slices were stored at −80 °C until analysis.
RNA isolation from mouse liver. Total RNA was isolated from mouse livers using a FastPrep instrument (FastPrep-24, FP24, MP Biomedicals, Solon, OH) to disrupt tissue. Approximately 100 mg of preserved liver tissue from each mouse was added to 1.2 g of lysing Matrix "D" beads (MP Biomedicals) and 1 mL of QIAZOL (Qiagen). Samples were processed in the FP24 homogenizer twice for 60 seconds at a setting of 6 ms −1 , with the samples kept on ice for 5 minutes in between homogenization steps. Cellular debris was removed by centrifugation at 12,000×g at ambient temperature. The liver homogenate was extracted with chloroform, and the aqueous layer was precipitated with isopropanol. The resulting RNA pellet was washed with 70% ethanol, resuspended in 100 µl of RNAse-free H 2 O, and quantified by A 260 determination.
RNase protection assay. The following DNA oligonucleotides (from IDT, Coralville, IA) were annealed to form a duplex T7 RNA polymerase transcription template encoding a probe specific for SG220 for the RNAse protection assay: 5′-CTAATACGACTCACTATAGGCAAGCACGAATCCTAAA CCTCATTTTTT-3′ and 5′-AAAAAATGAGGTTTAGGATTCGT GCTTGCCTATAGTGAGTCGTATTAG-3′. The 32 P-labeled probe specific for the detection of SG220 was prepared by in vitro transcription using T7 RNA polymerase (Promega) in the presence of [α 32 P]CTP (Perkin-Elmer, Boston, MA). Following transcription, the probe was purified by a G-50 spin column (Amersham/GE Healthcare, Piscataway, NJ, USA) and 10% denaturing PAGE. The probe (sequence 5′-GGCAAGCAC-GAAUCCUAAACCUCAUUUUUU-3′) is complementary to the guide sequence, loop, and two nucleotides of the passenger sequence. For each sample, ~100,000 cpm of 32 P-labeled probe was coprecipitated with 50 µg of total RNA isolated from each mouse liver. Hybridization was performed at 42 °C for 12 hours, followed by cooling to 38 °C for 2 hours and finally to 32 °C for an additional 2 hours (Robbins Scientific Model 400 hybridization oven). RNAse protection assays were performed using the RPA III kit (Ambion) according to the manufacturer's instructions with nondigested controls. Samples were analyzed by 10% denaturing PAGE (8 mol/l urea). Protected bands were visualized and quantified by a Molecular Imager FX (Bio-Rad, Hercules, CA, USA). In parallel, a standard curve was generated by analyzing spiked-in synthetic SG220 to final amounts of 1, 4, 20, 100 ng/50 µg total RNA. Quantification of SG220 sshRNA was performed by comparing the intensities of the protected bands to those of the spiked-in standards to estimate the percent of SG220 present in the mouse livers 48 hours after injection relative to the total amount dosed.
In vivo rodent PK experiment. Plasma clearance and tissue distribution studies were performed essentially as described in ref. 23 . Radiolabeled LNP was prepared by incorporation of the nonexchangeable lipid label 3 H-CHE at 2.7 µCi/mg total lipid. 38 LNP-formulated sshRNA was administered at a dose of 2.5 mg RNA/kg via lateral tail vein injection in 8-week old female BALB/c mice (Harlan Labs, IN) and blood was collected via tail vein nick over a 24-hour period. At 24 hours after injection, mice were euthanized and harvested tissues were homogenized in FastPrepLysing Matrix Tubes (MP Biomedicals) containing distilled water. Tissue homogenates were assayed for radioactivity by liquid scintillation counting with Picofluor 40 and whole blood was assayed using Picofluor 15 (Perkin-Elmer).
Inhibition of HCV IRES-mediated luciferase gene expression in mice. Stable, IRES-dependent expression of firefly luciferase from a liver-specific promoter (mTTR) in balb/c mice was established by hydrodynamic injection of plasmid pSG231. Seven days later, on day 0, a single low-pressure tail vein injection of LNP-formulated SG220 was administered at the following doses: 0.1, 0.5, 2.5, and 5.0 mg/kg (day 0, 5 mice/dose group). A nonspecific control group received LNP-formulated SG221C (irrelevant control) at 5.0 mg/kg. Two additional groups, injected with saline or untreated, were also included in the study. The expression of luciferase was monitored by in vivo imaging with a Xenogen/Caliper IVIS-50 camera at days 0, 1, 2, 3, 4, 8, 14, and 21. For day 0, imaging was done immediately prior to administration of sshRNA. For each measurement, mice were anesthetized with 1-2% isofluorane, 300 µl d-luciferin (15 mg/ml in PBS) was injected i.p., and 10 minutes later images were collected with an integration time of 1 minute. Figure S1 . Time course of liver uptake of LNP-formulated sshRNA in mice analyzed by RNase protection assay (RPA) on 10% denaturing PAGE. Figure S2 . Schematic of RPA probe hybridization.
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